Introduction: In multiple-input multiple-output (MIMO) channels, antenna correlation reduces the space degrees of freedom (DOF) and generally degrades, sometimes significantly, the channel capacity [1] . Therefore, the existing work related to antenna correlation is mainly focused on its negative impact, which is relevant in single-user MIMO environments [1, 2] . In this Letter, we investigate the impact of antenna correlation at mobile units (MUs) in multi-user MIMO environments. In contrast to the common impression that antenna correlation is detrimental, we show that antenna correlation at MUs is potentially beneficial to the sum capacity of MIMO multiple access channels (MACs) with covariance feedback. Such a benefit will be examined numerically in the case of a finite number of MUs (denoted by K below) and quantified analytically in the limiting case of K ! 1.
Channel model: Consider a fading MIMO MAC with N antennas at each MU and M antennas at the base station (BS). The transmitted vector and the channel matrix of MU k are represented by x k and H k , respectively. The received vector y is given by
where K is the number of MUs and n is a complex additive white Gaussian noise vector with zero mean and identity covariance matrix. The fH k g in (1) are independent among different MUs. In this Letter, we assume independent fading for antennas at the BS and only consider antenna correlation at each MU. This assumption is based on the fact that an MU usually has a more limited physical size than that of the BS. Following [2, 3] , we model the channel of MU k as
where the entries of W k are independent and identically distributed circularly symmetric, complex Gaussian variables with zero mean and unit variance, and T k is a semi-positive definite matrix that characterises the correlation effect of the antennas at MU k. T k in (2) is normalised to tr(T k ) ¼ N with the eigenvalue decomposition
This normalisation ensures that T k does not alter the sum of the average channel gains for all the antenna links between MU k and the BS. In (1), the fH k g are assumed to be perfectly known at the receiver (i.e. the BS). However, it is not realistic to assume perfect fH k g at the transmitters (i.e. the MUs) in practice owing to the fast channel fluctuation and the limited feedback-link capacity [3, 4] . In light of this, we consider the scenario that the transmitters have only statistical knowledge of the fH k g in the form of channel covariance information, i.e. the fT k g are known at each MU.
Preliminaries: For the MIMO MAC with covariance feedback considered in this Letter, the sum capacity is given by [3] CðK; fT k gÞ ¼ max
where the expectation Ef . g is taken over the distribution of fH k g, det( . ) denotes the determinant operator, and I M is an M Â M identity matrix. (4) is the covariance matrix of the transmitted signal of MU k, which has a power constraint of p k , i.e. tr(Q k ) p k with tr( . ) being the trace operator.
We perform eigenvalue decomposition on each
where V k is a unitary matrix representing the directions of transmission and L k is a diagonal matrix representing the corresponding power allocation. The problem in (4) involves joint optimisation of fV k g and fL k g for all MUs. It is shown in [4] that the optimal directions of transmission for MU k are directly determined by the eigenvectors of T k , i.e. V k ¼ U k with U k defined in (3). However, the optimal power allocation fL k g can only be obtained numerically in general [3] .
Impact of antenna correlation at MUs for finite K: Owing to the lack of a closed-form solution to (4), we first show some numerical results to illustrate the impact of antenna correlation at the MUs in the channel discussed above. Fig. 1 shows the sum capacities for different K in two extreme scenarios, namely, full correlation (FC) and no correlation (NC). For the former, T k is a rank 1 matrix that is constructed using the complex, exponential correlation model, i.e. where u k is randomly generated from a uniform distribution with values in [0, 2p), 8k; while for the latter, T k ¼ I k , 8k. We set M and N at 4 and 2, respectively. The power constraints of the MUs fp k g are assumed to be the same. We use the iterative algorithm in [3] to calculate the optimal power allocation fL k g. The curves for K ! 1 are obtained by (5), to be described in the next Section. It can be observed in Fig. 1 that, when K is finite, there is a cross point for two curves representing the FC and NC scenarios: below this point, FC is advantageous and vice versa. We can also see that the rate or power range where FC is beneficial increases with K. For example, the cross point occurs at a sum rate 3.4 bits/symbol for K ¼ 1 (i.e. a single-user MIMO channel); while it occurs at a sum rate 7.8 bits/ symbol for K ¼ 2. Note that, in practice, 7.8 bits/symbol is quite high for a MIMO channel with M ¼ 4 and N ¼ 2. Then we may conclude that, for sum-rate requirements of general interest, antenna correlation at the MUs is beneficial when K is larger than one. (The situation of K ! 1 will be discussed in the next Section.) Although the results shown in Fig. 1 are focused on full correlation, we have observed in our simulations that partial correlation can also provide a potential advantage. Asymptotic analysis for K ! 1: The discussion in the previous Section is based on numerical results. We now consider an asymptotic analysis for K ! 1, which is more convincing and insightful. Our discussions are based on the results shown in [5] : beamforming (i.e. rank 1 transmission) is asymptotically optimal for MIMO MACs with covariance feedback when K is sufficiently large. The following closed-form solution to (4) in the limiting case of K ! 1 is derived in [5] :
where 8 denotes 'equal for an asymptotically large K' [5] and d k,max is the maximum eigenvalue of T k , 8 k . Equation (5) indicates that, in this case, MU k only needs to transmit in one direction that is determined by the eigenvector corresponding to d k,max .
For an arbitrary set of semi-positive definite matrices fT k g, define
GðfT k gÞ ¼ Cð1; fT k gÞ À Cð1; fI N gÞ ð6Þ
where C(1, fI k g) is the sum capacity in (5) for the NC scenario, i.e. T k ¼ I N , 8k. We call G(fT k g) the correlation gain that characterises the impact of antenna correlation at MUs. Substituting (5) into (6), we can obtain
Clearly, G(fT k g) is positive as long as there exists a d k,max larger than one, i.e. T k = I N for some k. This indicates that antenna correlation at MUs is always advantageous to the sum capacity of MIMO MACs with covariance feedback when K ! 1, regardless of the transmit power fp k g. The discussions above explain the fact that FC outperforms NC in all power range for the situation of K ! 1 in Fig. 1, i .e. there is no cross point for these two curves.
Since T k is a semi-positive definite matrix with tr(T k ) ¼ N, 8k, we have
where the maximum is achieved when fT k g are rank 1 matrices, i.e. the FC scenario. Equation (8) shows that the maximum of the correlation gain defined in (6) grows linearly with M and logarithmically with N.
Conclusions:
We have shown that antenna correlation at MUs is potentially beneficial for MIMO MACs with covariance feedback. Such a benefit mainly comes from two aspects. First, the loss of the space DOF due to antenna correlation is compensated for by the diversity related to the independent fading of all MUs (i.e. so-called multi-user diversity [6] ). Secondly, antenna correlation enables focusing power [2] . The finding in this Letter is useful because minimising the physical size of a MU is highly desirable in piratical systems, which may result in antenna correlation.
